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Nomenclature 
BLI Boundary Layer Ingestion     Re           Reynolds number 
𝐶𝐹𝐷  Computational Fluid Dynamics                                    U            Local flow velocity (√𝑢2 + 𝑤2) 
D Diameter of the model                                                   𝑈∞         Freestream velocity 
𝐸𝐷𝐹  Electric Ducted Fan                        u            Velocity component in x-direction 
𝐹𝐷          Drag force                                                                      w           Velocity component in z-direction 
L            Length of the model                                                       CD          Drag coefficient (2𝐹𝐷/𝜌𝐴𝑈
2) 
LDA       Lase Doppler Anemometry                                                CP          Pressure coefficient (1 − (𝑈/𝑈∞)
2) 
 
 
Abstract 
 
Research covers propulsion installation characteristics for novel air-vehicle configurations in the class of small 
missile/UAVs. A modular experimental model has been developed featuring a fully integrated tail mounted in-
line boundary layer ingesting (BLI) Electric Ducted Fan (EDF) propulsion system. The research aims to 
investigate the aerodynamic characteristics and gain understanding of the optimisation of a fully integrated 
propulsion system. A combination of experimental and validated CFD methods will be used to develop suitable 
performance metrics and optimisation approaches for in-line BLI EDFs, thus enabling the generation of a toolset 
to be applied in the future design and implementation of this class of propulsion system. Progress in both 
experimental design and computational analysis will be presented, including initial analysis of the overall flow 
physics, focussing on the upstream and downstream effect of the body boundary layer, the condition of the flow 
ingested into the fan and an assessment of the performance of the overall integrated EDF. 
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1 Introduction 
The close integration of the propulsion system with an airframe, while ingesting the body’s boundary layer 
is of interest in this study. The concept investigated has an axisymmetric body together with a fully integrated tail 
mounted in-line boundary layer ingesting Electric Ducted Fan (EDF).  
 
The full integration of the propulsion system into an airframe can offer overall system benefits as propulsion 
mounting components can be omitted, reducing both wetted area (friction drag) and system weight while allowing 
for a more compact airframe design. The aerodynamic complexity though, resulting from boundary layer ingestion 
(BLI) into a fan rather than an undisturbed free stream, requires investigation. In the most recent years, research 
institutions such as NASA and MIT together with commercial manufactures have investigated the potentially 
beneficial exploitation of a body boundary layer by ingesting it [1] [2] [3]. The beneficial character of a propulsor 
performing work on the viscous boundary layer, thus ingesting fluid of lower momentum than free stream, was 
observed and studied by Fage [4] [5] in 1917 and Glauert [6] in 1935. In the early 1990s Smith [7] analytically 
showed potential power savings in the range of ~20% when ingesting the wake of an axisymmetric body. The 
approach of Smith was not the first attempt to quantify the benefit of BLI but became most popular in the research 
community. The model he defines uses an actuator with static pressure at the inlet. This results in a decoupled 
analysis of body and propulsion system. As the boundary layer is being ingested, the fan will impose a pressure 
gradient onto the flow upstream, essentially affecting the boundary layer around the body. Thus, the drag will be 
altered through BLI by the acceleration of its surrounding flow. The interdependence of thrust and drag when 
employing the ingestion of the body’s boundary layer void the division of thrust and drag as two independent 
parameters as traditionally done in performance quantification of air-vehicles. To remedy the difficulties of this 
quantification method Drela [8] presented in 2009 an approach that relates the body forces to the wake and flow 
field far downstream via a control volume. By analysing the kinetic energy of the flow and any mechanical power 
imposed on the flow, the sources and sinks of power can be identified and quantified along with their interactions. 
Thus, energy fluxes and dissipation can be assessed rather than thrust and drag. 
 
This research aims to quantify the interdependence of the body and propulsion system, in order to define 
design guidelines for future applications having closely integrated propulsion systems with boundary layer 
ingestion. The research will enable validation of computational methods for this class of configurations. Combined 
use of experimental and computational approaches will underpin development of suitable performance metrics 
which can be used for subsequent integration and optimisation. This paper will give a brief summary of the 
proposed methods as well as the current state of work. Preliminary experimental results will be presented 
alongside with an outlook into the progress in the future.  
 
2 Methodology 
Figure 1.1 outlines the current overall research plan being followed. By generating high quality experimental 
data, an initial understanding of the performance will aid development of suitable performance metrics, while 
providing validation data for computational investigations. Experimental validation of CFD tools will increase 
confidence in their use, enabling further insight into the flow-physics beyond the scope of experimental 
measurement techniques. The inter-validation loop can then provide data for further development of performance 
metrics to be used for optimizing the performance of the integrated propulsion system.  
 
 
 
Figure 2.1: Research Process Illustration. 
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2.1 Modular Experimental Model 
An experimental model of an integrated in-line electric ducted fan propulsion system has been developed. 
The key point of interest in the development process was to retain maximum freedom to subsequently modify the 
aerodynamic aspects of the experimental propulsion installation. In particular, ease of component 
interchangeability, while remaining low cost, is an essential aspect in maximizing the value of the experimental 
testing approach. A highly modular, low cost experimental model has therefore been designed and manufactured 
for the purpose of this research project.  
 
Through initial application of ESDU datasheets [9] [10] and analytical methods, assessing the drag of 
axisymmetric cylindrical bodies by Myring [11], a conceptual model was designed and further developed into a 
fully modular prototype. The preliminary conceptual design was then further developed into an experimental wind 
tunnel model.  
 
Figure 2.1.1: CAD Cross-Section of the Modular Prototype. 
Figure 2.1.1 illustrates a cross section of the designed experimental wind tunnel model. The cylindrical 
body is 0.66 m in length and has a diameter of 0.01 m, resulting in a fineness ratio (L/D) of 6.6. The body is 
defined by a hemispherical nose and a ducted fan aft of a boat-tail powered by an electric motor enclosed inside 
the after-body. The hollow body allows for the wiring of the motor as well as instrumentation to be stored 
internally. The nose features seven pressure taps at and around its stagnation point for flow measurements as well 
as the determination of the onset angle of the freestream flow. The mid-body section consists of three parts and 
can be adjusted in its length without alteration necessary to any other parts. The fineness ratio can thereby be 
reduced to a value of 5 as well as it ensures easy access to the instrumentation in the nose and wiring inside of the 
strut. For the purpose of modularity, as well as enabling low cost and rapid model changes, additive manufacturing 
was investigated for non-loadbearing parts. After initial testing of manufacturing tolerances, surface finish and 
abrasiveness on a test piece, Nylon (PA2200) and Selective Laser Sintering (SLS) were chosen as sufficient 
material and manufacturing choices for the aerodynamically relevant parts. The propulsion system consists of a 
custom designed duct, stators and inlet-inflow geometry in combination with a standard off the shelf aluminium 
fan and electric motor. The motor chosen provides up to 42000 rpm. The motor is secured to an aft bulkhead via 
its end bell. The aft bulkhead connects to a front bulkhead by four stainless steel rods. The choice of motor rating 
was a balance of providing a wide range of thrust settings, which will be of particular interest for later 
investigations at high angles of incidence, while also keeping potential aerothermal problems of the enclosed 
motor to a minimum. 
The propulsion unit defines the after-body of the vehicle and connects to the mid-body by the same 
bulkhead that holds the motor and aft bulkhead. The duct consists of two parts, whereas the leading edge is 
connected by four carbon fibre rods to the bulkhead, the rear part of the duct, consisting of the trailing edge, stators 
and rear cone, locks into the front duct by a sliding mechanism and is secured on a bearing on the motor shaft. 
The surface geometry, that majorly defines the inflow and with that the state of the boundary layer to be ingested, 
consist of four pieces. Each piece is secured to both bulkheads. The initial aft bulkhead is angled at 15°. As the 
propulsion system is aimed to be as short as possible, the inflow angle of 15° was chosen to be the minimum. The 
partly exposed aft bulkhead also ensures potential passive cooling to the attached motor. Variations in geometry 
can therefore be implemented independently from any other part of the model. Figure 2.1.2 illustrates an example 
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of the modularity of the designed model, allowing a variation in inflow angle. With a constant overall length, any 
variation in inflow angle essentially varies the length of the mid-body section. The model manufactured and 
currently tested features a straight inflow angle of 20° with a transition radius of 0.1D between the mid-body and 
the after-body. 
 
Figure 2.1.2: CAD Illustration of Different Inlet/Boat-Tail Angles (15°, 20°, 25°). 
The entire model is connected to a hollow stainless steel strut of 0.2D, within which power cables and 
instrumentation wiring are housed. The flange that connects body and strut allows for the model to be yawed by 
±5°. The strut is secured on a base with a variable pitch of ±10°. In combination with the fairing the largest cross 
section at zero incidence results in a tunnel blockage of ~3.8%. The base is attached to a six-component force 
balance. The force balance and the variable pitch base alongside with ~2/3 of the strut are covered by the fairing. 
Table 2.1.1 summarises the key data of the experimental model. 
L/D RPMmax Yaw Pitch Blockage 
5/6.6 42000 ± 5° ± 10° ~3.8% 
Table 2.1.1: Key Data of the Experimental Wind Tunnel Model 
Figure 2.1.3 displays the model in the wind tunnel at the University of Surrey during its first ‘shake-
down’ testing. In addition to pressure measurements in the nose, the model will also be equipped with static 
pressure taps along the 3D-printed inflow pieces as well as the mid-body in future experiments. Bespoke pressure 
sensor modules, manufactured in-house [12], will be housed inside the mid-body.  
 
 
Figure 2.1.3: Experimental Model at the University of Surrey Aero Tunnel 
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While this first design offers room for aerodynamic design improvements, this project aims for a variety of 
different shapes to be investigated experimentally. The current low cost approach would allow for 10s/100s of 
alternative aerodynamic components of the experimental propulsion system to be redesigned and manufactured, 
within a moderate PhD budget. The low manufacturing cost and ease of reconfiguration will therefore allow for 
an efficient experimental analysis of different shape-families, together with the possibility of further direct 
aerodynamic optimisation based upon iterative experimental testing.   
 
3 Preliminary Results and Analysis 
This section will present preliminary results of the first experimental investigation as well as initial 3D CFD 
simulations. The primary aim for the first shake-down experimental tests was to confirm the functionality and 
modularity of the model design, as well assessing suitable positions, time and resolution required for LDA 
measurements. 
3.1 Experimental Results 
The above described model was manufactured and tested at the Aero Wind Tunnel at the University of Surrey 
at zero incidence. The closed-circuit tunnel features a 1.1m by 1.4m working section and flow velocities of up to 
40m/s. This first experimental investigation of the wind tunnel model has successfully demonstrated its 
functionality. The separation of the mid-body and after-body allows for easy access to internal wiring, as well as 
allowing the propulsion unit to be assembled independently of the main model outside of the tunnel. The stability 
of the propulsion system was investigated to up to ~25000 rpm. The 3D printed inlet surface pieces, duct, stators 
and nose have been proven in terms of manufacturing tolerances and assembly. The motor temperature was 
measured at three different positions on the motor surface during all tests. 
Initial testing was carried over a range of freestream velocities (5m/s, 10m/s, 15m/s) with varying fan speeds 
of 0 rpm (unpowered), 2900 rpm and 5300 rpm. Force measurements were taken from a six-component force 
balance [13], located inside the fairing, as well as flow field measurements from a two-component LDA system 
[14]. Two velocity components in x-direction and z-direction were measured by the LDA system and will be 
referred to as u and w respectively hereinafter. The resulting velocity of the combined vectors will be referred to 
as U. Figure 3.1.1 schematically illustrates the model and flow field measurement positions. Profiles were taken 
in z-direction at two different positions upstream of the fore-body and three different positions downstream of the 
after-body, as well as near the inlet and outlet of the EDF. The five vertical measurement planes upstream and 
downstream of the model are indicated by Roman numerals I, II, III, IV and V, the planes just upstream and 
downstream of the EDF inlet and outlet are indicated by the letters i and ii respectively . In subsequent descriptions 
of plots the different test cases will be described in the format of XX-YYYY-ZZ, whereas XX will refer to a free 
stream velocity, YYYY will refer to the rpm of the EDF and ZZ will indicate the measurement plane.  
 
Figure 2.2 illustrates the combined velocity profiles at two positions upstream of the nose at 0 and 5300 rpm 
of the fan and a constant free stream velocity of 15m/s in the tunnel. The Roman numerals I and II indicate the 
different planes. The measurements just upstream of the fore-body were taken as closely to the surface as possible 
without causing interfering backscatter to the laser. The stagnation point at the tip of the hemispherical nose is 
visible for both unpowered and powered fan measurements. At the upper bound of each profile a small flow 
acceleration is visible compared to the lower bound, which may result from a combination of the blockage effect 
of the strut fairing, together with any remaining incidence effect due to model setting or freestream flow 
Figure 3.1.1: Schematic of Experimental Model and LDA Measurement Planes. 
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angularity. This will be further investigated in subsequent testing to ensure near to axisymmetric results can be 
obtained. The almost identical profile behaviour at both measurement planes of the unpowered body as well as 
the test with the EDF at 5300 rpm indicate a negligible effect of the boundary layer ingestion far upstream of the 
propulsion system for now. Thus further investigations will focus on the upstream effect and the extent of an 
effect the ingestion of a body’s boundary layer induces upstream.  
 
Figure 3.1.2: Velocity Profiles Upstream at Planes I, II. 
Figures 3.1.3 and 3.1.4 display the radial velocity profiles at three positions downstream of the after-body 
at 0 and 5300 rpm of the fan as well as constant free stream velocity in the tunnel respectively. A straightening of 
the profile is especially visible for the unpowered test case as the measurement plane is taken further downstream. 
For the case of the fan at 5300 rpm only minor variations in terms of peak velocities are visible for the profiles IV 
and III. The peak velocities shift away from the centre as the measurement plane moves downstream. While the 
velocity magnitude at the radial position 0 z/D continuously increases for the unpowered case from measurement 
plane III to V, the velocity magnitude of the powered test case appears to decrease at this position from the 
measurement plane III to IV before increasing again.  
 
Figure 3.1.3: Velocity Profiles at Planes III, IV, V, at 0rpm.                Figure 3.1.4: Velocity Profiles at Planes III, IV, V, at 5300rpm.  
When taking the radial velocity component w in consideration, plotted in fig. 3.1.5 and fig. 3.1.6, it 
becomes evident that the profile just downstream of the model at plane III for the powered test case exhibits large 
fluctuations around the centreline in comparison to the equivalent profile for the unpowered test. The large 
variation and change in flow direction may indicate a recirculation zone just downstream of the cone at the aft of 
the propulsion system. While the velocities at the upper bound are accelerated beyond free-stream similarly as 
upstream of the body, deceleration towards the lower bound is evident in each test case. The effect of the strut and 
fairing as well as a potentially resulting flow angularity around the body will be further investigated at different 
positions and for all three velocity components.  
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Figure 3.1.5: w-Velocity Profiles at Planes III, IV, V.                           Figure 3.1.6: w-Velocity Profiles at Planes III, IV, V.  
The velocity profiles upstream and downstream of the EDF are illustrated in fig. 3.1.7 and 3.1.8 
respectively. When observing the radial position, it becomes evident that the inlet profiles captured by the LDA 
system are moved upstream so that the lowest radial position captured is at ~0.21 𝑧/𝐷 while the fan hub is at 
0.18 𝑧/𝐷. The rods connecting the duct to the bulkhead obstruct the measurements at ~0.33 𝑧/𝐷. As the power 
supply to the fan is increased the peak velocity is shifted towards the hub at the inlet. The velocity profiles near 
the outlet are plotted in the same range as the inlet profiles and illustrate the discrepancies between the two in 
terms of their peak velocity magnitude as well as their profile behaviour. The larger range in radial position of the 
measurements downstream of the fan outlet is due to tapering of the stator hub. Wall wakes are visible on both, 
the upper and lower bound of the measurement plane. While the peak velocity for both powered test cases is 
shifted further towards the hub, their magnitude is increased by almost 50% in comparison to the velocities at the 
inlet, whereas the region of peak velocity for the test case with 5300 rpm is considerably narrower is than for the 
case of 2900 rpm in fig. 3.1.8. The flow behaviour inside the blade cascade as well as the influence boundary 
layer ingestion has on secondary flow mechanisms have not been investigated yet. Consideration will therefore 
also be given as to what influence the standard blade geometry has on the boundary layer ingestion and subsequent 
optimization of the upstream geometry for the most efficient performance.  
 
Figure 3.1.7: Velocity Profiles at EDF Inlet (i).                                         Figure 3.1.8: Velocity Profiles at EDF Outlet (ii). 
The radial velocity components for the measurement planes near the Inlet and Outlet are plotted in fig. 
3.1.9 and 3.1.10 respectively. The induced acceleration around the leading edge of the duct visible for each test 
case near 0.45 z/D upstream of the inlet in fig. 3.1.9. The negative peak in this region is especially visible in the 
test case for 5300 rpm and its magnitude is increased by about 150% in comparison to the peak for 2900 rpm. It 
further appears the peak moves towards the upper bound of the measurement plane as the rpm is increased. This 
may indicate a shift in suction peak upwards on the curvature of the leading edge. As the duct’s leading edge 
shape can majorly influence the inflow condition to the fan and thus performance, its influence and subsequent 
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conclusions for a boundary layer ingesting in-line propulsion system need to be assessed in subsequent 
measurements 
 
Figure 3.1.9: w-Velocity Profiles at EDF Inlet (i).                                         Figure 3.1.10: w-Velocity Profiles at EDF Outlet (ii)..  
Negative radial velocity peaks near the EDF outlet are visible in fig. 3.1.10 for both of the powered cases 
near 0.18 z/D. The magnitude from the test case with 5300 rpm appears to be around twice as large as for the case 
with 2900 rpm, while the radial position remains to be the same. As the hub of the stators tapers into a cone, the 
flow is likely to experience three-dimensional turbulence in its wake. Further investigation into the three-
dimensional character of the flow is therefore necessary and will be undertaken in future measurements by the 
same LDA system but at different circumferential positions around the axisymmetric body to incorporate all three 
velocity components. 
3.2 Preliminary CFD Analysis  
In addition to the first experimental analysis, preliminary 3D CFD simulations have been performed. An 
unstructured mesh with ~14 ∙ 106 cells of the half-body of the experimental model installed in the wind tunnel 
has been developed, using ANSYS Meshing, excluding the strut. Y+ values for all simulations were in the order 
of 1 around the body and up to 6 at the leading edge of the duct. The RANS simulations were solved using ANSYS 
FLUENT 17.2 with a k-𝜔 SST turbulence model. The preliminary boundary conditions defined a constant tunnel 
inlet velocity, located 5D upstream of the body and a static pressure tunnel outlet 20D downstream. The model is 
illustrated in fig. 3.2.1. The wind tunnel walls have been initially defined with no-shear boundary conditions. The 
propulsion system boundary conditions were simplified in this first investigation, being represented by a constant 
velocity outlet at the fan inlet and a corresponding velocity inlet at the fan outlet, whilst ensuring continuity. The 
values implemented for CFD propulsion outlet velocity were derived from the experimental LDA measurements 
at the propulsion exit plane for each associated fan RPM setting. 
 
Figure 3.2.1: Illustration of CFD Model.  
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An initial simulation is presented below with a constant inflow velocity of 10 m/s and an EDF inlet and 
outlet velocity corresponding to the averaged values for the experimental case with 5300 rpm. Figure 3.2.2 
illustrates contour plots of the pressure coefficient Cp and turbulence kinetic energy (TKE) around the propulsion 
system. The values for pressure coefficient indicate a suction peak in the lower part of the duct leading edge as 
the flow is being accelerated around it into the EDF inlet. The lower contour illustrates turbulence kinetic energy 
around the propulsion system. The values were clipped below a value of 0.1 𝑚2/𝑠2. The regions expected to 
experience kinetic energy dissipation, in the wake of the trailing edge downstream of the EDF outlet, as well as 
the wake of the tapered hub surface are visible in the plot.  
 
Figure 3.2.2: Contour Plots of Cp and TKE for 10m/s Free Stream Velocity and EDF Inlet Velocity Corresponding to 
5300rpm. 
At the current state of work, these simulations were performed to gain an understanding and investigate 
applicability of the chosen boundary conditions. Further work is necessary in the investigation of suitable mesh 
density as well as expansion of the simulation volume upstream and downstream. The necessity to model the full 
three-dimensional experimental model including strut and fairing in comparison to a simplified partial 
representation of the body will be assessed alongside the applicability to simplify the rotating fan. As the eventual 
aim will be to incorporate validated CFD simulations into an optimisation process, the balance between a 
minimum in computational recourses while still producing qualitatively sufficient data will be further assessed. 
As the validity of these preliminary calculations will therefore need to be assessed further, no additional 
conclusions will be drawn at this point.  
3.3 Comparison of Drag Estimates 
The drag coefficients of the unpowered body based on the experimental results of the force balance and LDA 
flow field measurements were compared to initial estimations for a similar body with a conical after-body as well 
as a blunt after-body. Drag coefficients of an axisymmetric cylindrical body with a hemispherical nose and linearly 
tapered after-body were estimated using ESDU datasheets [9]. As the derivations are based on experimentally 
generate data, their applicability is slightly extrapolated due to the hemispherical character of the fore-body. The 
drag coefficient for a cylindrical body with a hemispherical nose and blunt after-body is based on data presented 
by Hoerner [15] with similar fineness ratio and Reynolds number. All values for drag coefficients are related to 
the frontal face area of the model. 
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Based on the LDA flow field measurements, the velocity components were used to calculate preliminary two-
dimensional drag estimations of the unpowered body. From the velocity distribution in the wake the momentum 
loss can be calculated using the following formula [16]:  
𝐹𝐷 = ∬ 𝜌 ∗ 𝑈 ∗ (𝑈 − 𝑈∞)𝑑𝐴 (3.3.1) 
  
  
The local flow velocity at the different positions in the wake is hereby represented by 𝑈, the free stream 
velocity by 𝑈∞, and the density  by  𝜌 .The drag estimations from the flow field measurements were calculated by 
circumferential integration of the upper half of the control volume plane and therefore exclude the aerodynamic 
effect of the strut. Based on experimental data on cylinder drag [17], values for the exposed strut in relation to its 
aspect ratio were subtracted from the data obtained by the force balance. The values of the initial CFD calculations 
refer to the sum of pressure and friction drag on the body. Table 2.2 illustrates the comparison of drag coefficients. 
The values of Reynolds number refer to the length of the model.  
Conical 
After-
Body 
Blunt 
After-
Body 
Force 
Balance 
LDA 
Velocities 
CFD 
0.125 0.64 0.38 0.42-0.64 0.30 
Table 3.3.1: Measurements and Calculations of Unpowered Body Drag Coefficient U=15 m/s, Re=7*10E5 
The values clearly illustrate the unpowered body drag being closer to the drag estimations of a blunt after-
body than a cylindrical body with a conical after-body. The axial velocity measurements overestimate the drag in 
comparison the data obtained from the force balance. The range of the force balance and thus resulting accuracy 
need to be further assessed for qualitatively sufficient results to be generated. The values of the LDA 
measurements are decreasing as the measurement plane moves further downstream. The decreasing character may 
be due to the free stream values for these calculations being taken from the upper edge of the corresponding 
measurement plane to account for the limited radial expansion of the planes. The CFD simulation underestimates 
the drag measured experimentally. Further investigation especially into the drag predictions of numerical flow 
simulations will be necessary.  
4 Conclusions 
The work presented in this paper represents the first steps undertaken in the pursuit to develop a performance 
metric, optimization process and subsequent design guidelines for an in-line boundary layer ingesting electric 
ducted fan propulsion system. The design process for a modular experimental wind tunnel model was presented 
alongside with preliminary experimentally generated measurement data, verifying its feasibility. The experimental 
model was further implemented into 3D CFD calculations and initially compared to the experimental results.  
The results verified not only the models feasibility in terms of its modularity and low-cost but also highlighted 
necessary further measurements as well as deviations from numerically generated data. The potential for internal 
and external instrumentation was presented.  
This work aims to further investigate the flow filed by utilizing the two-component LDA system at different 
position axially as well as circumferentially around the axisymmetric body to capture all three velocity 
components. Pressure taps in the nose will be used for a more precise alignment of the model as well as surface 
pressure taps alongside the body and the inlet surface pieces to better understand the condition of the boundary 
layer. An in-house developed seven-hole pressure probe will allow for flow field measurements more than 50D 
downstream, farther that the range of the LDA system. The experimentally generated data will then support the 
calibration of computational simulations in order to gain further insight into the flow field. The presented methods 
of quantifying the installed performance and the associated boundary layer ingestion by Smith [7] and Drela [8] 
will be assessed and used in the generation of a performance metric for this type of propulsion system installation.  
This work therefore aims to provide elsewise missing experimental datasheets of the performance and 
boundary layer condition of an in-line BLI EDF propulsion system. Resulting parametric analyses from CFD 
simulations will then allow for the development of a rich trade space for subsequent optimisations.  
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